In the past decade, water scarcity has become major concern and is going to be reality in future too. At the same time textile is necessity which needs a billion liters of fresh water for its processing. Out of this 16 % of water is only used for dyeing of textile materials. In a quest to develop a sustainable approach to reduce water scarcity, an attempt has been made to minimize water consumption in textile wet processing. In this work, an eco-friendly glycerine based eutectic solvent (GES) was prepared by using choline chloride, urea and glycerin to reduce water consumption in polyester dyeing. The prepared solvent was characterized in terms of FTIR. Dyeing parameters like time, temperature and pH were optimized for dyeing of polyester using GES as a dyeing medium. The efficacy of dyeing was analyzed by colour strength and colour performance properties; sublimation, wash and light fastness. In comparison with conventional dyed polyester overall dyeing performance was found to be better without affecting tensile strength of polyester which remains almost same whereas thermal stability of solvent dyed polyester was slightly improved compared with aqueous dyed polyester. The results obtained from this study suggest that the GES as a polyester dyeing medium can be a green approach in dyeing of polyester.
Introduction
Large consumption of water and hazardous effluent are two major challenges for development of sustainable textile industry. According to world bank, the conventional textile dyeing utilizes 5.8 trillion litres of water per annum which further contributes to the one fifth of world industrial water pollution leading to increase in environment pollution load (Blackburn, 2015; Kant, 2012) . Textile industry is one of the highest consumers of water in the world. Diving into the pool of sustainability, a minimal consumption of water in the textile processing sector with an eco-friendly approach needs to be developed (Chen et al., 2017) . Nearly 30-50 litres of water/kg of textile are required for dyeing depending upon the type of dyes used. In synthetic fibres, polyester production is hitting top position in the world and the demand of it is increasing day by day (Glynis, 2015; Kant, 2012) . In recent years, the researchers are working on development of sustainable dyeing techniques such as supercritical carbon dioxide, air-dye, and plasma processing etc. in order to reduce water consumption in textile industry. During dyeing of polyester using supercritical carbon dioxide as a dyeing medium, trimer is produced which can be removed with the help of water only. Also, it is a batch process and requires initial high investment. Solvent dyeing could be an alternative to water. It is one of the oldest techniques to minimize water requirement in textile industry. Chlorinated hydrocarbons like trichloroethylene, tetrachloroethylene (percholoroethylene) and 1,1,1-trichloroethylene were used as a solvent for dyeing of polyester (Gebert, 1971; Milicevic, 1967) . Non-ionic surfactant based on reverse micelle system of Polyethylene glycol (PEG), n-octanol and alkane was used as a dyeing medium for electrolyte free dyeing of cotton with reactive dye to reduce water usage, materials and energy requirements and such dyeing showed comparable results with aqueous dyed cotton (Wang et al., 2016) . Solvent assisted dyeing is another approach of dyeing to minimize water consumption. Low temperature solvent assisted dyeing of polyester fabric was done using micro emulsion of n-butylacetate. In this research work, small proportion of n-butyl acetate was used for preparation of micro emulsion to study kinetics of polyester dyeing using o-vanillin and coumarin as a dyeing auxiliary. Dye bath containing o-vanillin dyed polyester fabric showed better colour strength (K/S) than dye bath containing coumarin dyed polyester (Radei et al., 2018) . 1-3 % Ethanol was used to increase dye exhaustion and substitute some auxiliaries such as wetting and leveling agent in dyeing of various yarns like wool, cotton, polyester, nylon and acrylic (Ferrero et al., 2011) . Due to low volatility of ethanol, glycerol was introduced in dyeing as an alternative to ethanol (Ferrero and Periolatto, 2012) . Diffusion of reactive dye on aqueous NaOH preswollen mercerized cotton, viscose rayon and hollow viscose in alkali was investigated in acetone water mixture. Dyebath exhaustion and fixation on viscose rayon was found lesser than other fibres (Chavan and Subramanian, 1982) . For the synthesis of ammonified ramie fabric ammonia gas and methanol was used as a reactant. Further dyeing of pre-treated ammonified ramie fabric was done using liquid ammonia as dyeing medium to improve dyeing efficiency (Peng et al., 2017) . Dyeing of polyester was done using disperse dye in tetrachloroethylene by using cylindrical film roll method (Morita et al., 1975) . Exhaust dyeing of polyester fabric was carried out in perchloroethylene with different auxiliaries at 120 C for 30 minutes (Gebert, 1971) . To reduce consumption of chemicals and water, liquid paraffin was preferred for the dyeing of polyester fabric (Xu et al., 2015) . Ionic liquid like 1-butyl-3-methylimidazolium chloride was employed in dyeing of wool to increase dye uptake (Yuan et al., 2010) . For replacement of the dyeing auxiliary, ionic liquid 1-(2-hydroxyethyl)-3methylimidazolium chloride was used in dyeing to increase colour strength of cotton, polyester and wool (Bianchini et al., 2015) . Ionic liquids such as tributyl methylammonium methyl sulfate, tris (2-hydroxyethyl) methylammonium methyl sulfate, 1-ethyl-3-methylimidazolium diethyl phosphate, 1-ethyl-3-methylimidazolium ethyl sulfate, 1-ethyl-3-methylimidazolium acetate, and 1-ethyl-3-methylimidazolium chloride were used as a dyeing medium for the dyeing of polyester, polyester cotton blend and polyamide fibres (Opwis et al., 2013) . Dyeing of polyester was carried out in the various 2-hydroxidiethanolamine based protic ionic liquids as a dyeing medium. Shortest chains protic ionic liquid dyed polyester shows better colour strength than other protic ionic liquids. Efficiency of protic ionic liquids as a dyeing medium for polyester dyeing was found to be good (Andrade et al., 2017) . Various types of deep eutectic solvents (DES) were synthesized and employed in the processing of leather and it was found that DES helps non-ionic dyes to get absorbed on the leather (Abbott et al., 2006) . DES is easily recoverable, non-toxic in nature and can be formed between quaternary ammonium salt and hydrogen bond donor (Dadrasnia and Ismail, 2015; Delgado-mellado et al., 2018; Kaur et al., 2018) . Chlorinated solvents are well-known solvents for dyeing of polyester but being toxic they are banned so there is a dire need of an eco-friendly solvent which is readily available and also recyclable.
The present research work is mainly focused on to minimize consumption of water in textile dyeing using solvent dyeing technique. Glycerine based eutectic solvent (GES) was prepared using choline chloride, urea and glycerine to be used as dyeing medium to reduce water consumption and environmental hazards. The development of solvent dyeing techniques considering the demand for sustainable processes in the textile wet processing sectors in the last few decades has reached prehigh position. In view of such demand of greener technology and to rise a few steps higher to its standing position of sustainability, our approach to an application of novel and ecologically acceptable solvent (GES) has been made.
Materials and methods

Materials
Choline chloride extra pure, urea (AR), glycerine (AR), sodium hydroxide pellets (purified), glacial acetic acid (Extrapure) and sodium hydrosulfite (hydrose) were purchased from SD fine chemicals Ltd. Mumbai, India. Saragen KDF (leveling agent) was provided by Sarex chemicals Ltd., Mumbai, India. Disperse Blue 56 dye was supplied by Colorband dyestuff Pvt. Ltd., Mumbai, India. Polyester woven fabric was procured from Piyush syndicate, Mumbai, India with 70 GSM and 89 Â 79 thread density.
Preparation of GES
For the preparation of GES, a mixture of choline chloride, urea and glycerine were taken in proportion of 1:1:1 (w/w). Glycerine based eutectic mixture was formed by continuous stirring for 15 min at 30 C AE 2 C in atmospheric pressure on magnetic stirrer at speed of 1200 rpm.
Characterization of GES in terms of FTIR
FTIR spectrum of GES was recorded using Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy having diamond/ZnSe crystal on FTIR 8400 Shimadzu spectrophotometer (Japan). Reflectance was measured in the range of 4000-650 cm À1 by recording 45 number of scans.
Optimization of dyeing conditions
Dyeing of polyester fabric to be used as control (conventional method) was performed using Disperse Blue 56 as mentioned in the materials. Aqueous polyester dyeing was performed using following recipe. Solvent dyeing of polyester fabric with 1 % Disperse Blue 56 was performed using GES as a dyeing medium without dispersing agent keeping liquor to goods ratio of 20:1 constant for all dyeings. Standard 1 % dye stock solution was prepared using 3 % leveling agent and 20 % acetic acid solution prepared in water. In optimized recipe, 80:20 (v/v) GES and water was used as a medium for dyeing of polyester with dye, 3 % leveling agent and 20 % acetic acid as dyeing auxiliaries. To study the effect of pH, solvent dyeing was carried out at 130 C for 45 min at pH 1 to 9 and their respective pH was adjusted using dilute acetic acid and 0.5 M NaOH solution. For optimization of temperature, dyeing was performed in optimized pH at temperature range of 100-150 C with an interval of 10 C for 45 min. Similarly, for optimization of time, dyeing was performed at optimized temperature and pH for 15-60 min at an interval of 15 min. To study the effect of shade build up, dyeing was carried out at optimized time, temperature and pH with 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 % shades of disperse dye. All dyeings were performed in high temperature and high pressure (HTHP) beaker dyeing machine supplied by Rossari Labtech, Mumbai, India. Reduction clearing treatment of all polyester dyed fabrics was carried out with 2 g/L hydrose and 2 g/L caustic soda at 70 C for about 20 min followed by rinsing with cold water and further soaping with 2 g/L nonionic soap (Auxipon NP).
Colour strength evaluation of dyed polyester fabric
Determination of colour strength of dyed polyester was carried out by K/S (Kubelka-Munk function) values using Spectra Scan 5100þ (Computer Colour Matching). K/S is calculated using following equation,
Where K stands for absorption coefficient, whereas S stands for scattering coefficient and R is the reflectance at complete opacity. In general, higher K/S values correspond to higher dye uptake on fabric.
Fastness testing of dyed polyester
Fastness testing of dyed polyester was evaluated using ISO methods. ISO 105-F04 method was used for the determination of sublimation fastness on sublimation tester (RBE Electronics Egg. Pvt. Ltd., Mumbai, India). ISO 105-C03 method was carried out for the determination of colour fastness to washing of dyed polyester on launderometer (Rossari Labtech, Mumbai, India). ISO 105-B02 method was used for evaluation of colour fastness to light of dyed polyester on Q-Sun's Xenon Arc Light fastness tester.
2.7. Physical properties of polyester 2.7.1. Tensile properties ASTM D 5035:1995 strip method was used for evaluation of tensile strength of polyester fabric. Measurement of tensile properties of undyed, aqueous dyed and solvent dyed polyester was carried out on H150KU-UTM tensile testing machine (USA).
Thermogravimetric analysis
Undyed, aqueous dyed and GES dyed polyester fabric were cut into small pieces and further thermogravimetric analysis (TGA) was performed in the range of 35-500 C with a heating rate of 10 C/min.
Temperature and weighing accuracy of instrument were AE0.3 C and AE1 % respectively. Static TGA of undyed, aqueous dyed and GES dyed polyester fabric were carried out at 100, 200, 300 and 400 C for 2 hours hold time. Temperature accuracy for static TGA was AE 8 C and rest parameters were same. Thermal analysis of polyester fabric was carried out on Shimadzu 60H DTG Japan instrument having weighing precision and sensitivity of 1 mg and 0.1 mg respectively. 2.7.3. X-ray diffraction (XRD) analysis XRD (LabX XRD-6100 SHIMADZU, Japan) analysis of undyed, aqueous dyed and GES dyed polyester fabric was performed on Shimadzu 6100 instrument which is equipped with Cu K α radiation. Scanning range of 2θ was kept between 10-35
, with a step size of 0.02 and 2 /min scanning speed of detector.
Results and discussion
FTIR analysis of GES
The chemical interaction between choline chloride, urea and glycerin was characterized by FTIR analysis as shown in Fig. 1 (Abbott et al., 2003; Ashworth et al., 2016; Mulia et al., 2015; Shamsuri and Abdullah, 2011) . From FTIR spectrum of GES, hydrogen bonding was observed between choline chloride and hydrogen bond donor compounds (Shenai, 1997) .
Optimization of dyeing of polyester using GES as a medium
The optimization of dyeing parameters of polyester dyeing with GES as a medium of dyeing was performed by keeping liquor to goods ratio 20:1 and compared with conventional aqueous dyed polyester for achieving better fastness properties.
Effect of pH on dyeing of polyester using GES as a medium
The colour strength of dyed polyester in terms of K/S was measured for dyeings carried out at pH ranging from 1 to 9 and is shown in Fig. 2 . It was observed that as pH of dyeing solution increases the colour strength of dyed polyester fabric decreases. The higher colour strength was observed at pH 1, 3 and 7 but generally polyester dyeing is carried out in acidic pH. Due to higher strength loss in lower acidic medium subsequent dyeing was performed at pH 3. From this study, it is concluded that pH 3 Fig. 3 . Effect of variation of temperature on colour strength of GES dyed polyester compared with aqueous dyed polyester. Fig. 4 . Effect of variation of dyeing time intervals on colour strength of GES dyed polyester compared with aqueous dyed polyester.
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is optimum for dyeing of polyester using GES as a medium.
Effect of temperature on dyeing of polyester using GES as a medium
The effect of variation of temperature on colour strength of GES dyed polyester compared with conventional aqueous dyeing is shown in Fig. 3 . From Fig. 3 , it can be observed that as temperature of dye bath increases the colour strength of dyed polyester fabric also increases up to equilibrium after which it decreases with increase in dyeing temperature. This variation may be ascribed to the shift of equilibrium of dye from fabric to dye bath (Kale et al., 2015; Ramezanzadeh et al., 2015; Tayade and Adivarekar, 2013) . Thus, dyeing temperature of 130 C was optimized for dyeing of polyester using GES as a solvent as there was no significant difference in colour strengths at 130 C and 140 C respectively. Fig. 4 shows colour strength of GES dyed polyester for different dyeing time intervals varying from 15 to 60 min and then compared with conventional dyed polyester. Dyeings were performed at 130 C for different time intervals in acidic pH 3. Similar trend was observed as in case of effect of temperature. As dyeing time increases colour strength also increases till dyeing equilibrium is achieved. Further colour strength decreases with increase in time of dyeing (Shenai, 1997; Tayade and Adivarekar, 2013) . After 15 min and 45 min of dyeing, more or less similar colour strength was observed. Maximum colour strength and even dyeing was observed after 45 min of dyeing. So, further study was carried out at optimized pH and temperature for 45 min.
Effect of time on dyeing of polyester using GES as a medium
Dyeing of polyester with optimum dyeing condition at varying shade %
To understand the buildup of shade, dyeing in aqueous and GES media was carried out on polyester fabric with different levels of shade % considering 1, 2, 3, 4, 5, 6, 7, 8, 9 , 10% respectively as illustrated in Fig. 5 . It illustrates that 1 % and 2 % shades of GES dyed polyester shows better colour strength than that of aqueous dyed polyester. Further increase in % shade (up to 5 %), the colour strength of aqueous dyed polyester shows higher dye uptake than GES dyed polyester. Such dyeing behavior may be due to the saturation of dye which is up to the 5 % shade in both aqueous and GES medium. After 5 % shade, both aqueous and GES dyed polyester shows comparable colour strength. From shade build up study, it is observed that as concentration of dye in dye bath increases colour strength of dyed polyester also increases until maximum dye uptake is achieved.
Comparison between aqueous and GES dyeing with optimized recipe
and their colour coordinate values in terms of L*, a*, b* Table 2 represents the optimized recipe of GES dyeing and comparison of GES dyed fabric with aqueous dyed polyester fabric. Table 3 shows that the values of % strength, L*, a* and b* values of 1 % aqueous and GES dyed polyester fabric. Higher colour strength and L* value was observed in the GES dyed polyester indicating higher dye uptake as well as darker in shade than that of aqueous dyed polyester. a* Table 4 Sublimation fastness rating of aqueous dyed and GES dyed polyester fabrics. (P and Q denotes staining on polyester and cotton respectively whereas R denotes change in colour).
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and b* values of GES dyed polyester showed more greener and less bluer tone respectively. Table 4 represents the sublimation fastness rating of polyester dyed fabrics at 150 C, 180 C, 210 C and found to be good to very good for both aqueous as well as GES dyeing. At 150 C and 180 C, it has been observed that aqueous dyed polyester shows similar results as compared to GES dyed polyester. Some staining was observed on adjacent polyester fabric. At 210 C, GES dyed polyester showed better rating than that of aqueous dyed polyester. More staining was observed on adjacent polyester and cotton whereas slightly colour change was observed on GES dyed polyester. Table 5 represents the rating of wash and light fastness of aqueous and GES dyed polyester. No major change was observed on washing as well as light fastness of aqueous and GES dyed polyester fabric. Both aqueous as well as GES dyed polyester showed almost similar and very good results.
Colour fastness properties of dyed polyester
3.4. Mechanical and physical properties of polyester 3.4.1. Tensile strength Measurement of tensile strength was performed on undyed, aqueous dyed and GES dyed polyester fabric and represented in Table 6 . From Table 6 , it was observed that the tensile strength of undyed polyester fabric showed higher strength as compared to aqueous and GES dyed polyester. Aqueous and GES dyed polyester fabrics showed almost similar tensile strength but lesser strength loss than undyed polyester fabric. Similar trend was observed in both warp and weft direction. To study mechanical properties of undyed, aqueous dyed and GES dyed polyester fabric stress-strain curve was analyzed which is shown in Figs. 6, 7, and 8 respectively. Ultimate tensile strength of undyed, aqueous dyed and GES dyed polyester fabrics are 0.129 MPa, 0.120 MPa and 0.128 MPa respectively (Jirawattanasomkul et al., 2019) . The modulus of elasticity or young's modulus of undyed, aqueous dyed and GES dyed polyester fabric were calculated using 10 different observations and their calculated mean modulus of elasticity or young's modulus are 0.00055 MPa, 0.00031 MPa and 0.00070 MPa respectively. From this it can be concluded that GES dyed fabric is slightly stiffer than control polyester fabric. Overall negligible tensile strength loss was observed in aqueous dyed and GES dyed polyester fabric. Fig. 9 illustrates the comparison of thermal properties between undyed, aqueous and GES dyed polyester fabric. It has been observed that thermal stability of undyed polyester is lower than aqueous and GES dyed polyester. Decomposition of undyed polyester started at 380 C whereas decomposition of aqueous dyed and GES dyed polyester started at 400 C. After 450 C, 90.98 %, 91.07 % and 87.59 % weight loss was observed for undyed, aqueous and GES dyed polyester respectively. Therefore, such results indicate that GES dyed polyester is thermally more stable than undyed and aqueous dyed polyester. To check long term thermal stability of undyed, aqueous dyed and GES dyed polyester, static TGA analysis was carried out at 100 C, 200 C, 300 C and 400 C for 2 hours which is represented in Fig. 10 . It has been observed that no significant thermal degradation of undyed, aqueous and GES dyed polyester was observed below 300 C whereas 11.56 %, 7.87 % and 17.63 % weight loss of undyed, aqueous and GES dyed polyester was observed while keeping polyester fabric at 300 C for 2 hours. This phenomenon might be attributed due to degradation of ester linkages of polyester. Thermal degradation of undyed, aqueous dyed and GES dyed polyester starts after 350-360 C (Sreenivasan et al., 2015; Yong et al., 2015) . Significant weight loss was observed while polyester fabric kept at 400 C for 2 hours. The measured weight loss between 300 to 400 C of undyed, aqueous dyed and GES dyed polyester fabrics were 22.13 %, 18.05 % and 28.48 % respectively. Around 96 % of weight loss was observed while keeping undyed, aqueous dyed and GES dyed polyester fabrics at 400 C for 2 hours. From both TGA analysis it was clearly seen that if polyester fabric is exposed at higher temperature for longer duration then its decomposition will be more.
Thermogravimetric analysis
X-ray diffraction
The effect of solvent on physical structure of polyester fabric was analyzed by X-ray diffraction analysis as shown in Fig. 11 . X-ray diffraction curve of aqueous dyed and GES dyed polyester fabrics indicates no major change in crystallinity of polyester fabric. Slight shift in peaks of GES dyed and aqueous dyed polyester was observed and compared with undyed polyester. It represents molecules of dye entrapped physically in polyester fibres (Dumbleton and Bowles, 1966; Hsieh and Mo, 1987; Ochowicz and Jeziorny, 1972) . Crystallinity % was evaluated by estimating area of sharp and broad peaks and calculated by using following formula (Kale et al., 2015) .
Crystallinity % ¼
Intensity of crystalline region Intensity of crystalline region þ Intensity of amorphous region Â 100
Undyed polyester fabric shows better crystallinity than aqueous and GES dyed polyester fabrics. Evaluated crystallinity of undyed, aqueous and GES dyed polyester fabrics are 28.02 %, 23.56 % and 24.73 % respectively. Due to dye-fibre interaction crystallinity of dyed fabric decreases as compared with undyed polyester fabric (Opwis et al., 2013) . No major crystallinity difference was observed between aqueous and GES dyed polyester fabrics. This it can be concluded that use of GES as a dyeing medium has no effect on the physical structure of polyester fabric.
Conclusion
In the present research work, an eco-friendly glycerine based eutectic solvent (GES) was successfully used as a dyeing medium for polyester using Disperse Blue 56. The GES was prepared using glycerine, urea and choline chloride; confirmed by FTIR spectroscopy. The application of GES as a dyeing medium in polyester dyeing shows better results as compared to conventional aqueous dyeing. Wash and light fastnesses of aqueous and GES dyed polyester are almost similar whereas sublimation fastness of GES dyed polyester shows better results than that of aqueous dyed polyester. Modulus of rigidity of polyester fabric shows that GES dyed polyester is slightly stiffer than that of conventional aqueous dyed as well as undyed polyester fabric. From the XRD and tensile measurements, it is observed that the physical structure of polyester does not get affected after using GES as a dyeing medium. Static TGA analysis shows that the thermal degradation of undyed, aqueous dyed and GES dyed polyester starts above 360 C. Similarly, there happens to be no such deterioration in the thermal stability of GES dyed polyester. Such novel use of GES as a medium for solvent dyeing of polyester can be a sustainable approach in textile industries.
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